The Arabidopsis mutant Atubp26 initiates autonomous endosperm at a frequency of $1% in the absence of fertilization and develops arrested seeds at a frequency of $65% when self-pollinated. These phenotypes are similar to those of the FERTILIZATION INDEPENDENT SEED (FIS) class mutants, mea, fis2, fie, and Atmsi1, which also show development of the central cell into endosperm in the absence of fertilization and arrest of the embryo following fertilization. Atubp26 results from a T-DNA insertion in the UBIQUITIN-SPECIFIC PROTEASE gene AtUBP26, which catalyzes deubiquitination of histone H2B and is required for heterochromatin silencing. The paternal copy of AtUBP26 is able to complement the loss of function of the maternal copy in postfertilization seed development. This contrasts to the fis class mutants where the paternal FIS copy does not rescue aborted seeds. As in the fis class mutants, the Polycomb group (PcG) complex target gene PHERES1 (PHE1) is expressed at higher levels in Atubp26 ovules than in wild type; there is a lower level of H3K27me3 at the PHE1 locus. The phenotypes suggest that AtUBP26 is required for normal seed development and the repression of PHE1.
I
N angiosperms, fertilization of the egg and central cell nuclei in the embryo sac by the two sperm nuclei is essential for the formation of embryo and endosperm. The development of the embryo, endosperm, and seed coat is coordinated and controlled by both genetic and epigenetic processes (reviewed by Berger et al. 2006) . The breakdown of coordinated development in some mutant lines is shown by endosperm development in the absence of fertilization when any of the four genes, MEA, FIS2, FIE, and AtMSI1 are not functional in Arabidopsis. The FIS genes encode homologs of the Drosophila Polycomb group (PcG) proteins, members of an epigenetic repressive complex PRC2 (Grossniklaus et al. 1998; Luo et al. 1999; Ohad et al. 1999; Kohler et al. 2003a) . Loss of function in any of the genes leads to the formation of diploid autonomous endosperm derived from the central cell nucleus in the absence of fertilization. When the mutants are fertilized, the maternal genotype determines the fate of the seed irrespective of the paternal genotype. An ovule carrying a fis mutant allele develops into an arrested seed with an arrested embryo and noncellularized endosperm whereas an ovule carrying a wild-type allele develops a viable seed.
The FIS PcG complex mediates the addition of the repressive mark H3K27me3 to the target gene PHE1 through the histone methyltransferase activity of MEA (Makarevich et al. 2006) . A mutation in the MEA gene reduces the level of H3K27me3 at PHE1 and leads to increased expression of PHE1 (Makarevich et al. 2006 ). PHE1 expression is also elevated in other mutants of the fis PcG genes (Kohler et al. 2003b) . It has been speculated that the FIS complex may have functions before and after fertilization as fis mutants have phenotypes in both nonfertilized and fertilized ovules (Sørensen et al. 2001; Makarevich et al. 2006) .
To obtain other mutants with autonomous endosperm development, we screened for arrested embryo and noncellularized endosperm in a small collection of T-DNA insertion lines (http:/ /www.arabidopsis.org) and checked for autonomous seed development following emasculation. We isolated one mutant that had a weak autonomous endosperm phenotype and arrested seed development. The T-DNA insertion caused the loss of function of a H2B deubiquitinating enzyme, AtUBP26 (Sridhar et al. 2007 ) and resulted in mutant seed phenotypes. PHE1 was upregulated in the mutant ovules and there was a reduced level of H3K27me3 at the PHE1 locus suggesting that AtUBP26 is required for addition of H3K27me3 at PHE1 and that AtUBP26 may be necessary for FIS PcG action in seeds.
Center was screened for shriveled seeds that resembled fis fertilized seeds (Chaudhury et al. 1997) (http:/ /www.arabidopsis. org). A putative mutant which produced shriveled seeds was backcrossed to Columbia (Col) to cross out any other T-DNA insertions in the same line. An allele of mea ( fis1, Chaudhury et al. 1997) , was emasculated to compare the autonomous endosperm development with that of the putative mutant.
The Arabidopsis ecotypes used in this study were Landsberg erecta (Ler) and Col. Two T-DNA insertion lines, Salk_024392 and CS826614 (SAIL_621_F01), which have T-DNA insertions in At3g49600, were obtained from the Arabidopsis Biological Resource Center and confirmed by PCR.
Plants were grown in pots with compost soil under continuous artificial light at 20°in growth chambers. The artificial light was achieved by using an incandescent light source producing a fluence of 180 micro-E for most of the experiments.
Cloning of AtUBP26 and expression analysis: For mapping, the homozygous mutant plant was crossed as a pollen donor to Ler. The following SSLP markers located on different part of the chromosomes were used to test F 2 plants: nga63, nga111, nga361, nga172, CIW4, CIW6, and NGA151 (http:/ /www. arabidopsis.org). The recombination frequency between markers and seed phenotypes was scored. Further detailed mapping was done by using the following insertion-deletion (indel) markers on chromosome III on the basis of sequence differences between Col and Ler (http:/ /www.arabidopsis.org). They are T32N15 FR with primers 59-AGCTAGGGTTTGGCAAC ATT-39 and 59-CTTTTGTGCACGACGGAATCT-39, T21J18 FR with primers 59-GCTTTCAAAATTGCTGGAAAA-39 and 59-TCA GGCTGCATTAGGCTCTT-39, F2K15FR with primers 59-GAA TCAGGTTTGAATAAAATGGAA-39 and 59-TTCAATCCTCCAA AATTATCAACA-39, and T16K5FR with primers 59-GCGTGA TCATGGAAATATTGG-39 and 59-AGCAAGGTTATGCATTTC AGA-39. The genotypes of each plant for the SSLP and indel markers were visualized on 4% agarose gel. The plant DNA preparation and the PCR reactions were carried out as described by Bell and Ecker (1994) .
For isolating T-DNA border sequences, DNA was extracted using a QIAGEN DNeasy mini kit. T-DNA border isolation and sequencing were carried out as described (http:/ /signal.salk. edu/). Primers used to amplify T-DNA junctions were LBb1, 59-GCGTGGACCGCTTGCTGCAAC-39 and AtUBP26 TF2, 59-TCGTTAATCGGAATCAAAATTG-39. Individual plants of the mapping F 2 population were PCR amplified with LBb1 and AtUBP26 TF2.
For complementation, a genomic fragment including promoter and coding region was generated by PCR and fused to FLAG in vector pCH252 (Helliwell et al. 2006 ) using the Gateway recombination system. The primer sequences used were GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATCTG GTGTGATGGAATTGATC and GGGGACCACTTTGTACAAG AAAGCTGGGTAGCAGGCTTCAGAAGAGATATTGGG. Wildtype Col was transformed by floral dip (Clough and Bent 1998) . Stable transgenic plants were screened by Western blots with anti-FLAG (Sigma). Homozygous progeny of three independent transgenic plants, which produced the hybrid protein of expected size, were selected to cross to the Atubp26-2 homozygote. The arrested seeds were scored in the F 1 plants between Atupb26-2 and the transgenic plants. The arrested seeds were also scored in the F 1 plants of a control cross between Atubp26-2 and Col.
RT-PCR was performed on RNA isolated from buds, cauline leaves, rosette leaves, young seedlings, seeds 3 days postfertilization, embryos 7 days postfertilization, endosperm 7 days postfertilization, young siliques 1-2 days postfertilization, and stems using a Promega Access RT-PCR system kit. Primers used for AtUBP26 are 59-CATTGCAGCTTCCACA AAAA-39 and 59-TGCTTTTGTCAAGACGTTGG-39. For the control gene FORMALDEHYDE DEHYDROGENASE (FDH), primers 59-TGGGAAACCCATTTATCACTTCA-39 and 59-CAG CAAGTCCAACAGTGCCAAG-39 were used (Luo et al. 2005) .
Microscopy: Fertilized and unfertilized siliques were dissected under a dissecting microscope. Developing seeds were cleared (Boisnard-Lorig et al. 2001) . Specimens were examined with a Leica (Deerfield, IL) microscope using differential interference contrast optics. Mature seeds of Col, Atubp26-2, Atubp26-3, and Atubp26-4 were photographed and captured as digital images under a dissection microscope.
Real-time PCR: RNA was isolated from young siliques 36, 60, and 84 hr postfertilization from both Atubp26-2 and Col, using a QIAGEN RNeasy plant mini kit with Dnase I treatment according to the manufacturer's protocol. RNAs were also harvested from rosette leaves and buds from both Atubp26-2 and Col. Silique RNAs 84 hr postfertilization from Ler and mea ( fis1, Chaudhury et al. 1997) were isolated. Approximately 3 mg total RNA was used for cDNA synthesis using an Invitrogen Superscript III reverse transcriptase kit. Real-time PCR was performed using PHE1 primers by following Kohler et al. (2003b) . FDH primers were used as internal control (Luo et al. 2005) . For each stage, at least three biological repeats were conducted.
Real-time PCRs were also performed on cDNAs from young silique 84 hr postfertilization for both Atubp26-2 and Col with MEA, FIS2, FIE, and AtMSI1.
Chromatin immunoprecipitation: Chromatin immunoprecipitation ( Johnson et al. 2002) was carried out using an antibody against histone H3K27me3 (Upstate). Buds (including all the tips without open flowers) and siliques 60-84 hr postfertilization were harvested for chromatin preparation. After chromatin immunoprecipitation, DNA was used for realtime PCR using primers amplifying region 2 of the PHE1 locus described by Makarevich et al. (2006) . For an internal control, we used primers 59-CCCAAAGATTTTAGTGCCTCA-39 and 59-GGTTCAAGAGGGCAATCAC-39 from the 59-UTR of AG described by Finnegan and Dennis (2007) . This region has been shown to be enriched by the H3K27me3 antibody . AG gene expression was not affected in the Atubp26 mutant at bud or silique stage. Thus the AG 59-UTR is a suitable control in our experiment. Three pull-down experiments have been carried out for both stages. DNA precipitated by H3K27me3 antibody was normalized with the 59-UTR of AG. We calculated the relative enrichment and statistical analysis as described by Finnegan and Dennis (2007) .
RESULTS
T-DNA insertions in Atubp26, a ubiquitin-specific protease gene, cause arrested seed phenotypes: In a screen of $200 T-DNA insertion lines, 20 lines with a proportion of shriveled seeds were identified. Two shriveled seeds coming from one line, Salk_014298, germinated on an MS plate while the shriveled seeds from other lines failed to germinate. The resulting plants displayed short siliques and produced $60% shriveled seeds with arrested embryos (Figure 1 , A-D). These seed phenotypes are similar to those of the FERTILIZATION INDEPENDENT SEED (FIS) class mutants, mea, fis2, fie, and Atmsi1 (Chaudhury et al. 1997; Grossniklaus et al. 1998; Ohad et al. 1999; Kohler et al. 2003a) . As the Salk_014298 line is known to have a T-DNA insertion in the gene ITB1 (At2g35110) and itb1 does not display any seed phenotype , the seed pheno-type segregated away from the itb mutation in a backcross to Col.
We established a F 2 mapping population between Ler and the mutant. F 1 plants did not display 50% shriveled F 2 seeds as do the fis class mutants mea, fis2, fie, and Atmsi1; instead they produced 14/120 shriveled F 2 seeds. The selfed progeny from the two original plants did not contain any wild-type plants but displayed a uniform arrested seed phenotype, indicating that the original plants were homozygous mutants. The mutation was closely linked to the SSLP marker CIW4 and located on the bottom of chromosome 3 in a 240-kb region in which no fis class mutations have been found (Figure 2A ).
We isolated the junction sequences of T-DNA insertions from 14 plants derived from the original mutant plants. T-DNAs were inserted in three different genes, At2g35110, At3g49600, and At1g69870. At2g35110 is the ITB1 gene; At3g49600 is located in the same region as the new mutant (Figure 2A ), suggesting that At3g49600 may be the locus mutated. PCR primers that specifically amplified the T-DNA junction in At3g49600 were used to test a total of 260 plants heterozygous for the mutation and 20 wild-type plants in the F 2 of Col crossed with the original mutant. The T-DNA insertion cosegregated with the shriveled seed phenotype. To confirm that the T-DNA insertion in At3g49600 causes the mutant phenotype, we obtained additional T-DNA insertion lines, Salk_024392 and CS826614, in which At3g49600 is interrupted ( Figure 2B ). Both alleles gave shriveled seeds and autonomous endosperm development (Figure 1 , E, F, I, and J). These mutant alleles failed to complement each other, suggesting that the T-DNA insertions in At3g49600 cause the mutant seed phenotype. At3g49600 encodes a UBIQUITIN-SPECIFIC PROTEASE and has previously been designated AtUBP26 (Yan et al. 2000) . Atubp26-2 has a T-DNA insertion in the second exon, Atubp26-3 in the fourth exon, and Atubp26-4 in the fifth intron ( Figure 2B ). The positions of the T-DNA insertions suggest that all the alleles are null mutants.
We further confirmed by complementation that the AtUBP26 is the gene responsible for the phenotype. Three independent transgenic homozygotes carrying a wild-type allele-FLAG fusion were crossed to Atubp26-2. Five mature siliques were scored to determine the frequency of arrested seeds in each plant. Five plants were investigated for each F 1 population. F 1 plants with the transgene showed a reduced frequency of arrested seeds (Table 1) in contrast to the control F 1 plants, which produced $13% arrested seed. This result showed that the transgene complemented the lesion caused by the Atubp26-2 mutation.
AtUBP26 is expressed in buds, cauline leaves, rosette leaves, young seedlings, seeds 3 days postfertilization, embryos 7 days postfertilization, endosperm 7 days postfertilization, young siliques 1-2 days postfertilization, and stems ( Figure 2C ) consistent with the results of Sridhar et al. (2007) . MPSS data also suggest that AtUBP26 is expressed in inflorescences, siliques, roots, and leaves (http://mpss.udel.edu/at/).
Loss of Atubp26 leads to endosperm initiation at low frequency in the absence of fertilization: Both homozygous Atubp26-2 and Col siliques were slightly elongated after emasculation. In wild-type Col, no ovules showed division of the central cell nucleus (of a total of 1200 ovules checked) ( Figure 1G ). Approximately 1% (16/1200) of the ovules in Atubp26-2 became slightly enlarged and showed autonomous division of the central cell nucleus ( Figure 1H ). Most cases of autonomous endosperm development in Atubp26-2 only reached the 4-to 8-nuclei stage (n ¼ 13) but in a few ovules the endosperm developed beyond 8 nuclei (n ¼ 3). Atubp26-3 and Atubp26-4 showed similar autonomous seed phenotypes (Figure 1 , I and J; Table 2 ). In contrast to Atubp26, 10-15% of ovules of a mea ( fis1) allele were enlarged and most developed autonomous endosperm with .20 nuclei.
To investigate whether the autonomous phenotype is determined by the genotype of the embryo sac or the maternal somatic tissue, we emasculated heterozygous Atubp26-2 plants (in a Col background). Autonomous development of the central cell was observed. We reconfirmed that the autonomous endosperm initiation occurred in heterozygous Atubp26-2 using an ap3/ap3 male sterile plant ( Figure 1 , K and L; Table 2 ). Sometimes, the autonomous endosperm nuclei congregated at the micropylar end ( Figure 1L ) where the earliest endosperm divisions take place. AtUBP26-2 has an arrested embryo phenotype following fertilization: In homozygous Atubp26-2 plants, 20% (48/240) of ovules failed to form seeds upon self-pollination, resulting in slightly shorter siliques than in wild type (Figure 1, A and B) . These ovules did not develop an embyo sac ( Figure 1M ). Latedeveloping branches set even fewer seeds ( Figure 1B ) and gave short siliques. In newly opened flowers on branches with short siliques most of the anthers had not opened, in contrast to wild-type flowers at the same stage in which released pollen grains could be seen (Figure 1, A and B insets) . Flowers on late branches responded to pollination with wild-type pollen as did some of the flowers in early branches. Thus the partial sterility could be caused by either or both the lack of pollen from nondehiscent anthers and the lack of embryo sacs in Atubp26-2. We tested whether transmission of the mutant gene by pollen had been affected by pollinating wild-type with pollen from a heterozygote plant. There were 55 heterozygote mutants and 48 wildtype plants among the progeny, indicating that mutation in AtUBP26 does not affect pollen viability.
While 20% of ovules failed to develop embryo sacs, 80% (192/240) of ovules give seeds upon fertilization. In self-fertilized Atubp26-2 seeds (240 À 48 ¼ 192), 58.4% (112/192) of the resulting seeds were arrested at various stages of development and 41.6% (80/192) of seeds developed fully (Table 2; Figure 1D ). When Atubp26-2 was pollinated with wild-type pollen, all the seeds developed fully ( Figure 1N) . Thus, the paternal wild-type AtUBP26 can fully complement the loss of function of the maternal Atubp26 allele. In fis class mutants the maternal gametophyte genotype determines the seed phenotype irrespective of the paternal contribution (Chaudhury et al. 1997; Grossniklaus et al. 1998; Ohad et al. 1999; Kohler et al. 2003a ).
We did not see any other abnormal morphology in Atubp26 homozygotes. The heterozygote of Atubp26-2 set 61/450 (15%) arrested seeds upon self-pollination and did not have the unopened anthers seen in the Atubp26-2 homozygote. There were some aborted ovules but at a level comparable to wild type (Table 2 ). In contrast, heterozygous mea, fis2, fie, and Atmsi1 displayed 50% arrested seeds when self-pollinated or pollinated with wild-type pollen as expected for a locus operating in the gametophyte.
We characterized the defects in the self-pollinated Atubp26-2 seeds by analyzing the early seed morphology of the mutant and wild type using cleared whole seeds Figure 3F ), 18.2% (35/192) beyond heart stage ( Figure 3I ), while 41.6% (80/192) of embryos developed fully. Fully developed seeds showed 100% (n ¼ 80) germination. Early embryo development up to the globular stage is similar in Atubp26-2 and wild type (Figure 3, A-E) . The wild-type endosperm was cellularized at heart stage ( Figure 3C ), whereas all the arrested embryos were associated with un-cellularized endosperm (n ¼ 112; Figure 3 , F-H). Seeds in Figure 3 , G and H, showed overproliferated endosperm with 710 and 750 nuclei, respectively, while the same stage wild-type endosperm had only 410 6 30 nuclei (n ¼ 2). We also observed an enlarged chalazal cyst in some mutant seeds ( Figure 3H ). The two other Atubp26 alleles showed similar seed abortion and embryo arrest frequencies ( Table 2 ). The seed-arrested phenotype in the heterozygote is similar to that in the homozygote, indicating that there is no maternal sporophytic effect on seed development in the mutant (Figure 3 , J and K; Table 2 ).
AtUBP26 regulates PHE1 expression: PHE1, a type I MADS-box gene was upregulated relative to wild type (Kohler et al. 2003b) in mea, fis2, and fie young siliques. Given that Atubp26-2 displayed phenotypes similar to the fis mutants, we tested whether PHE1 was upregulated in developing siliques. Because PHE1 has a similar sequence to PHE2 (Kohler et al. 2003b) , we confirmed that the RT-PCR products were specific for PHE1 by sequencing 18 subclones. PHE1 expression was signifi- cantly increased compared to the control Col in RNA extracted from 36-hr-(mainly containing early globular embryos), 60-hr-(globular embryos), and 84-hr-(late globular and heart-stage embryo) old siliques of Atubp26-2 and Col ( Figure 4A ). We also observed increased expression of PHE1 in mea. PHE1 expression in buds and leaves is very low and was not elevated in the mutant ( Figure 4C ). At late globular and heart stage, the PHE1 mRNA level was up to ninefold higher in Atubp26-2 siliques than in wild type ( Figure 4A ). In early stages, Chromatin immunoprecipitation analysis of H3K27me3 at the PHE1 locus. There was a higher enrichment of the PHE1 region in Col than in Atubp26 siliques (60-84 hr old) after chromatin immunoprecipitation using a H3K27me3 antibody but no difference in buds. (C) MEA, FIS2, FIE, AtMSI1, and FWA expression in Atubp26 and wild-type siliques of 2-3 days; PHE1 expression in Atubp26 and wild-type leaves; PHE1 expression in mea and wild-type siliques of 2-3 days.
there was a two-to threefold increase of PHE1 expression in Atubp26-2 siliques compared with wild-type siliques. The upregulation of PHE1 could be caused indirectly by a reduction in expression of FIS class genes if AtUBP26 were a positive regulator of FIS genes. We did not find any reduction of expression of MEA, FIS2, FIE, and AtMSI1 in 60-hr-old siliques of Atubp26-2 compared to Col ( Figure 4C ). We conclude that AtUBP26 regulates PHE1 in developing seed but does not regulate the FIS class genes.
H3K27me3 is reduced at PHE1 chromatin in Atubp26 young siliques: Repression of PHE1 expression is associated with increased H3K27me3 at the PHE1 locus, which is dependent on the histone methyltranferase activity of MEA (Kohler et al. 2003b; Makarevich et al. 2006 ). As shown above, PHE1 expression was elevated in Atubp26-2 siliques. In these siliques, H3K27me3 was reduced to half the wild-type level at the PHE1 locus, suggesting that AtUBP26 is required to maintain H3K27me3 at the PHE1 locus ( Figure 4B ).
We did not observe any difference in the level of H3K27me3 at the PHE1 locus in buds of Atubp26-2 and Col wild type ( Figure 4B ).
DISCUSSION
Lack of activity of AtUBP26, which catalyses the deubiquitination of H2B (Sridhar et al. 2007) , causes low frequency autonomous endosperm growth without fertilization and embryo arrest if self-pollinated. The mutant seed phenotypes of Atubp26 are similar to those of the fis class mutants mea, fis2, fie, and Atmsi1 suggesting that AtUBP26 may act, at least in part, in the same pathway as the FIS genes. We consistently observed a lower frequency of autonomous endosperm development in the three alleles of Atubp26 than in fis class mutants. Autonomous endosperm rarely develops beyond 16 nuclei in Atubp26, while in the mutant mea, autonomous endosperm may produce .20 nuclei. The observation of low-frequency autonomous development of the central cell in Atubp26 heterozygotes suggests that this phenotype is under gametophytic control with low penetrance.
The weaker autonomous endosperm phenotype in Atubp26 is paralleled by its weaker postfertilization phenotype. When homozygous, all three alleles of Atubp26 formed $40% viable seeds following self-pollination while mea and fis2 homozygotes produce ,1% viable seed. The low penetrance of the autonomous endosperm phenotype in Atubp26 is unlikely to be due to a partially functioning Atubp26 gene because all three alleles are likely to be null mutations as the T-DNA insertions are in exons. AtUBP26 may be redundant with other UBP genes as there are 27 genes identified encoding UBPs in the Arabidopsis genome. AtUBP26 is the only one in its class (Yan et al. 2000 ) but other genes may be able to partially complement the loss of AtUBP26. In the Atubp26 mutant, the level of ubiquitinated histone H2B is only slightly increased over that in wild type (Sridhar et al. 2007) , suggesting that other UBPs may be involved. An alternative explanation of the weak ''fis'' phenotype in Atubp26 is that the target loci of H2B deubiquitination by AtUBP26 do not completely overlap with the target loci of H3K27 trimethylation by the FIS Polycomb complex; the misregulated genes in the Atubp26 ovules may not be exactly the same set of genes misregulated in fis mutants. We speculate that there are some common target genes, including PHE1, which, when derepressed in Atubp26, cause a fis phenotype. There are at least three genes PHE1, PHE2, and MEIDOS that are upregulated in the mea mutant siliques with only PHE1 having been characterized for its status of histone H3K27 trimethylation in siliques (Kohler et al. 2003b; Makarevich et al. 2006) . In this study, we focused on PHE1 and showed that PHE1 expression is elevated in mutant siliques relative to wild type and is accompanied by the loss of H3K27me3 as in a mea mutant (Makarevich et al. 2006) . It remains to be determined whether the other two genes PHE2 and MEIDOS are upregulated and histone-demethylated in the Atubp26 mutant. In Drosophila, the ubiquitinspecific protease USP7 catalyzes the deubiquitination of H2B and contributes to epigenetic silencing of homeotic genes by PcG proteins. The silencing of USP7 by RNAi causes global reduction of H3K27me3 (van der Knaap et al. 2005) . Although the mechanism causing this reduction of H3K27me3 remains unknown, one hypothesis is that ubiquitinated H2B prevents the trimethylation of H3K27 by PcG proteins. Our results and the finding in Drosophila suggest that deubiquitination of H2B mediated by UBPs is required for H3K27me3 addition.
Atubp26 and fis mutants both have embryo-arrested seeds but display different modes of transmission. When a homozygous Atubp26 mutant was self-pollinated most seeds were aborted with embryos arrested at the globular or heart stage and the endosperm remained noncellularized as in fis class mutants. When pollinated with wild-type pollen, all the seeds developed normally, indicating that the paternal copy of AtUBP26 fully complements the loss of function of the maternal copy in controlling seed development and that the arrested seed phenotype is under sporophytic control. In contrast to the Atubp26 mutants, the arrested seed phenotype of the fis mutants, which cannot be reversed by wild-type pollen, is completely under gametophytic control (Chaudhury et al. 1997; Grossniklaus et al. 1998; Ohad et al. 1999; Kohler et al. 2003a) .
It is likely that AtUBP26 has a number of functions in development. The abnormal development of Atubp26 is not restricted to endosperm and embryo. We observed that pollen dehiscence was affected especially in late branches. There was a proportion of aborted embryo sacs in the mutant with both factors contributing to the partial sterility of the mutant.
Ubiquitination plays a critical role in target protein degradation but also participates in gene regulation by modifying histones (Hershko 2005) . Recent reports indicate that ubiquitinated H2A might be involved in gene silencing and ubiquitinated H2B in gene activation (Henry et al. 2003; Kao et al. 2004; Wang et al. 2004 ). AtUBP26 acts to remove ubiquitin from ubiquitinated H2B (Sridhar et al. 2007) . Thus AtUBP26 may act as a repressor, causing gene silencing via chromatin remodeling. It has been reported that, in the Atubp26 mutant, H3K9 dimethylation is reduced, siRNA-directed DNA methylation is suppressed and heterochromatic silencing is released. H2B deubiquitination by AtUBP26 is thought to play an early and crucial role in heterochromatin formation (Sridhar et al. 2007 ). Here we show that the loss of function of AtUBP26 has effects on seed development similar to the loss of function of the seed development repressors, the FIS PcG proteins, leading to both the autonomous growth of endosperm in the absence of fertilization and arrested embryos with noncellularized endosperm. This suggests that AtUBP26 may have a broad role in chromatin remodeling affecting different aspects of silencing processes such as siRNA-mediated heterochromation formation and the FIS Polycomb repression.
